The ubiquity of oxygen in organic, inorganic, and biological systems has stimulated the application and development of 17O solid-state NMR spectroscopy as a probe of molecular structure and dynamics. Unfortunately, 17O solid-state NMR experiments are often hindered by the combination of broad NMR signals and low sensitivity. Here, it is demonstrated that fast MAS and proton detection with the D-RINEPT pulse sequence can be generally applied to enhance the sensitivity and resolution of 17O solid-state NMR experiments. Complete 2D 17O→1H D-RINEPT correlation NMR spectra were typically obtained in fewer than 10 hours from less than 10 milligrams of material, with low to moderate 17O enrichment (less than 20%). 2D 1H-17O correlation solid-state NMR spectra allow overlapping oxygen sites to be resolved on the basis of proton chemical shifts or by varying the mixing time used for 1H-17O magnetization transfer. In addition, J-resolved or separated local field (SLF) blocks can be incorporated into the D-RINEPT pulse sequence to allow direct measurement of one-bond 1H-17O scalar coupling constants (1JOH) or 1H-17O dipolar couplings (DOH), respectively; the latter of which can be used to infer 1H-17O bond lengths. 1JOH and DOH calculated from planewave density functional theory (DFT) show very good agreement with experimental values. Therefore, the 2D 1H-17O correlation experiments, 1H-17O scalar and dipolar couplings, and planewave DFT calculations provide a method to precisely determine proton positions relative to oxygen atoms. This capability opens new opportunities to probe interactions between oxygen and hydrogen in a variety of chemical systems. 
INTRODUCTION
Oxygen is ubiquitous in organic, inorganic and biological systems, making it an intriguing element to study molecular structure and dynamics by 17 O solid-state nuclear magnetic resonance spectroscopy (SSNMR). The 17 O nuclide has unfavorable NMR properties, however, including low natural isotopic abundance (~ 0.037%) and a gyromagnetic ratio that is approximately oneseventh that of 1 H. 17 O is also a half-integer quadrupolar nucleus with a nuclear spin (I) of 5/2 that often yields broad NMR powder patterns due to second-order quadrupolar broadening. The combination of broad NMR signals and low sensitivity often makes 17 O SSNMR experiments prohibitive. The most common approach to improving the sensitivity of 17 O NMR experiments is isotopic enrichment of oxygen-17, for which a variety of methods have been successfully demonstrated. 3, [27] [28] [29] [30] [31] More recently, it has been demonstrated that with the large NMR sensitivity enhancements provided by high-field dynamic nuclear polarization (DNP), [32] [33] [34] natural isotopic abundance 17 O NMR experiments can be performed on inorganic materials. 19, 23-24, 26, 35-36 The resolution of 17 O SSNMR spectra is most often improved either by utilizing selective 17 O labeling schemes, 37 working at the highest possible magnetic field strengths, 12, 25, [38] [39] or using multiple quantum magic angle spinning (MQMAS). 2, 4, 14, 25, [40] [41] Alternatively, heteronuclear correlation (HETCOR) spectra obtained with pulse sequences such as cross-polarization (CP), phase-shifted recoupling effects a smooth transfer of order (PRESTO), heteronuclear multiple quantum coherence (HMQC), transferred echo double resonance (TEDOR), etc., have been used to obtain 2D NMR spectra that correlate 17 O NMR signals to the high-resolution SSNMR signals from spin-1/2 nuclei such as 1 H, 13 C and 15 N. 4, 9, 11, 13, 16, 18, 20, 25 However, 2D HETCOR experiments and MQMAS experiments normally suffer from poor sensitivity and generally require very long experiment times, even on highly 17 O enriched materials.
In the past 20 years, fast magic angle spinning (MAS) and proton detection have been applied to enhance the sensitivity of SSNMR experiments with conventional spin-1/2 nuclei such as 13 C, 15 N, 29 Si, etc. With the exception of 14 N, 42 proton detection is not commonly applied to enhance the sensitivity of NMR experiments with quadrupolar nuclei. Proton detection in SSNMR is normally accomplished with CP; however, CP is generally very inefficient for half-integer quadrupolar nuclei such as 17 O. [43] [44] [45] Consequently, proton detection of quadrupolar nuclei is normally accomplished with dipolar-HMQC pulse sequences. 46 However, HMQC SSNMR experiments often have poor efficiency due to incomplete suppression of background 1 H NMR signals, t 1 -noise, long 1 H longitudinal relaxation times (T 1 ) in the solid-state, and short 1 H transverse relaxation times (T 2 ). Recently, we have shown that the dipolar-refocused insensitive nuclei enhanced by polarization transfer (D-RINEPT) 46 is an efficient method to obtain proton detected 2D HETCOR SSNMR spectra of half-integer quadrupolar nuclei. 47 In a proton detected D-RINEPT experiment the quadrupolar spin is directly excited and then magnetization is transferred to the proton spins for detection. D-RINEPT is advantageous because it exploits the short T 1 relaxation times of the quadrupolar nucleus, unwanted 1 H signals can be suppressed by pre-saturation pulses, and quadrupolar signal enhancement schemes such as rotor assisted polarization transfer (RAPT) 48 can be directly incorporated. For example, we showed that it was possible to obtain a 2D 17 abundance, as estimated using solution 17 O NMR spectroscopy ( Figure S1 ). 49 The water of hydration in 1 was not 17 O-labeled since 1 was recrystallized from natural isotopic abundance H 2 O.
The 1 H and 17 O SSNMR spectra of 1 are shown in Figure 1 . All NMR spectra in this study were obtained on a 1.3 mm double resonance probe with a 50 kHz MAS frequency, a main magnetic field of 9.4 T, and with RAPT for signal enhancement, unless otherwise indicated. For 1, RAPT provided a 2.5-fold signal enhancement. The 17 O T 1 for 1 was measured to be 1.4 s with a saturation recovery experiment ( Figure S2 ) and an optimal recycle delay of 2.0 s was used for all 17 O NMR experiments of 1. The RAPT-enhanced 17 O spin echo NMR spectrum of 1 was obtained in 2.4
hours and has a signal-to-noise ratio (SNR) of ca. 12 ( Figure 1A) . A significant gain in sensitivity for 17 O detected experiments was obtained by using a RAPT-enhanced, rotor-synchronized quadrupolar Carr-Purcell-Meiboom-Gill (QCPMG) experiment 50 to obtain multiple spin echoes in each acquisition. An echo-reconstructed QCPMG spectrum was obtained in 2.5 hours and shows a SNR of 99 ( Figure 1B ), which corresponds to nearly an order of magnitude improvement in sensitivity compared to the spin echo spectrum. We note that for 1, QCPMG is efficient because the 17 O effective transverse relaxation time constant (T 2 ') is relatively long (spin echoes can be acquired for ca. 40 ms). However, many of the other compounds we have examined have shorter 17 O T 2 ' values and QCPMG only provides limited gains in sensitivity. In agreement with the previously published 17 O solid-state NMR spectra of 1, 7 the 17 O SSNMR spectrum consists of two overlapping 17 O NMR signals at the applied magnetic field of 9.4 T. The spectrum can be simulated with two sites ( Figure 1C ) and the 17 O NMR parameters determined here agree with those previously reported ( Table 1 ). The site with the more positive isotropic chemical shift (δ iso = 305 ppm) corresponds to the non-protonated carbonyl oxygen atom, while the site with δ iso = 180 ppm corresponds to the oxygen atom of the carboxyl group that is bonded to the acidic proton. 26 . c J-coupling not detected, but it is likely less than 8 Hz. For all parameters the uncertainty of the last digit(s) is given in parentheses. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Next, 2D proton detected 17 O→ 1 H D-RINEPT NMR spectra of 1 were obtained ( Figure   1F , G). The 2D proton-oxygen correlation NMR spectra of 1 allow overlapping oxygen sites to be resolved and experimentally confirms the oxygen NMR signal assignments. Simultaneously, proton detection also provides a substantial gain in sensitivity. For example, comparison of a 1D proton detected 17 O→ 1 H D-RINEPT NMR spectrum yields sensitivity,
is approximately 7 times greater than the spin echo spectrum and is the same as the QCPMG sensitivity ( Figure S4 and Table S1 ). Consequently, a complete 2D proton-oxygen HETCOR SSNMR spectrum of 1 can be obtained with reasonable SNR in a similar experiment time as is required for the 1D spin echo or QCPMG NMR spectra. In comparison, the typical method for resolving overlapping 17 O SSNMR signals, MQMAS, inherently has a maximum sensitivity of 2/5 that of even the 1D spin echo. In summary, the results obtained from 1 show that with proton detection it is possible to rapidly obtain 2D 17 O-1 H correlation SSNMR spectra. In addition to enhanced sensitivity, these experiments allow overlapping oxygen sites to be resolved and assigned by correlating the broad 17 Figure 1D ). The truncation broadening leads to larger uncertainty in the EFG and chemical shift extracted from fits of the powder patterns. Table 1 . The simulated spectra are processed with 400 Hz line broadening.
In general, 1D proton detected D-RINEPT NMR spectra provided 2 to 4 times higher sensitivity than QCPMG for these compounds with two notable exceptions (Table S1) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (Table S2 ). Therefore, in many cases, D-RINEPT is likely to be the best method to obtain 2D correlation NMR spectra because the recycle delay is dictated by the shorter 17 O T 1 rather than the 1 H T 1 . With methods such as HMQC, PRESTO, CP, etc., the proton spins will normally be excited first and the long 1 H T 1 will dictate the recycle delay of the experiment. In favorable cases, D-RINEPT can provide a slight gain in sensitivity as compared to QCPMG. Figure S5 . The spin diffusion correction term was T SD = 34 ms (see Figure S14 and main text). Figure 3A) . [51] [52] The duration of the recoupling scheme is incremented in a 2D experiment. Phase- The dipolar dephasing curve for 1 recorded with the proton detected D-RINEPT SLF pulse sequence is shown in Figure 3B . In this experiment, a short recoupling time was used in the D-RINEPT block and only the acidic proton of the carboxylic acid was observed in the direct dimension. Therefore, the dipolar oscillation curve only represents signal from the protonated oxygen atom. If required, a longer recoupling time could be used in the D-RINEPT block to record the dipolar oscillation curve for the non-protonated oxygen atom. The best simulation of the dipolar oscillation yields a proton-oxygen dipolar coupling constant of 13.5 kHz, which corresponds to a hydrogen-oxygen bond length of 1.06 Å. The simulated curves for several other dipolar coupling constants are shown in Figure S9 and summarized in Table S4 . The numerical simulation takes into account the 17 O→ 1 H D-RINEPT magnetization transfer and the relative orientations of the Euler angles, which is important to obtain accurate dipolar coupling constants (see Figure S11 ). The single crystal X-ray diffraction (XRD) structure of 1 subjected to planewave Figures S5-S8 , respectively, and summarized in Table 1 . The uncertainty in the measured 1 H- 17 O dipolar coupling constants was estimated to be about ± 500 Hz based upon comparison of multiple simulated curves to the experimental curves ( Figure S10 , Table   S4 ). The uncertainty in the dipolar coupling constants translates to uncertainties in the measured Figure 3C ). The J-resolved D-RINEPT experiment is acquired in an interleaved manner where a reference spectrum is collected in the absence of a 1 H π-pulse during the 17 O spin echo, then a spectrum is recorded with a π-pulse applied on the 1 H channel (the 'dashed' π-pulse in Figure 3C ) which results in a spectrum with the signal intensity modulated by the J-coupling. 67 The J-dephasing time (τ J ) is then increased in integer multiples of twice the rotor period. A normalized J-evolution curve free of transverse relaxation effects was obtained by comparing the intensity of the reference spectrum to the J-dephased spectrum for each time point ( Figure 3D ). 67 The complete J-resolved data set for 1 is shown in the SI ( Figure S13) . A precisely set magic angle (approximately within 0.02 degrees) is necessary to completely average the contribution due to the dipolar coupling and obtain a pure J-dephased curve ( Figure S14 ). 68 It was straightforward to set the magic angle to within 0.01 degrees accuracy by minimizing the splitting in the 2 H spectrum of deuterated oxalic acid due to the first order quadrupolar interaction. 69 In addition to accurate setting of the magic angle, 1 H spin diffusion must be suppressed in order to allow the coherent evolution of J-couplings in the solid-state. [70] [71] Spin diffusion rates depend upon both the dipolar coupling between two spins and the peak overlap integral. 72 Therefore, narrowing of the 1 H peaks either by application of homonuclear decoupling and/or fast MAS also helps to suppress 1 H spin diffusion. [70] [71] For the organic solids studied here, the 1 has been partially slowed (Table S2) Figure 5A , B), with the exception of 3 for which the 1 J OH was underestimated by DFT by about 20 Hz.
J-resolved experiments were attempted on para-toluene sulfonic acid monohydrate (PTSA) and calcium hydroxide (Ca(OH) 2 ) and 17 O NMR spectra were acquired for both samples ( Figure   S19 and Table S10 ). However, it was not possible to measure 1 Figure S3E ) but were systematically overestimated by DFT, which is a known phenomenon. 77 An exponential correlation between the geometry optimized O-H bond lengths and the J-coupling value was found ( Figure 5C ). This exponential relationship between bond length and J-coupling is similar to that reported for 1 J CC , 78 Figure 5D ).
CONCLUSIONS
In conclusion, we have shown that 2D 1 H- 17 O correlation spectra can be rapidly acquired using proton detection, fast MAS, and the D-RINEPT pulse sequence. Notably, with small diameter 1.3 mm rotors these experiments require only a few mg of material and moderate 17 O enrichment. The 2D 1 H- 17 O correlation spectra allow overlapping oxygen signals to be resolved One challenge associated with 17 O SSNMR spectroscopy is that labeling can be time intensive and expensive; however, mechanochemistry methods have shown promise to improve the efficiency, cost, and ease of 17 O labeling. 31 With respect to the cost of 17 O-enriched samples, fast MAS rotors are beneficial because they typically require less than 10 mg of material.
Alternatively, DNP-enhanced 17 O SSNMR could potentially be applied to allow these measurements on natural abundance samples. 23, 26, [35] [36] We also anticipate that double resonance 1 H- 17 O SSNMR experiments will benefit from higher magnetic fields and faster MAS rates, both of which will help to reduce 1 H spin diffusion rates and improve 1 H resolution. High magnetic
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